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I. INTRODUCTION

CNN is a spatio—temporal first order non-linear filter{1] that can be expressed as

dxij(t) -

Cdt
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where A and B are parameters matrices of size N, and I is a constant. These coefficients deter-
mine the function of the filter. u; is a two dimensional constant signal while x;; is a time varying
state variable of a cell. The input signal can be applied as either X(0) or U, that is a matrix of
{ x;} and { u;}, respectively. The output signal is taken from either x;; or y;;. The net ghborhood
size is typically 3x3 in most applications even though several reported applications require larger
| size. In hardware implementations, larger neighborhood sizes are very costly due to the complex
interconnections. Figure 1 shows the connections for one cell that has a 3x3 neighborhood.

Even though each cell is locally connected, the hardware implementation of an array that
has a practical size is extremely difficult. Even the most advanced "state-of—art’ implementation
has only 32x32 cells which is far below any practical size[2]. Multiplexing is unavoidable for
large images in current technologies until any significant break-through of technology is real-
ized. A modular approach is one possible solution but the parasitic capacitance of the intercon-
nection may cause some problems. Moreover an advanced packaging technology is required for

modular approach.

Since the objective of this project is to construct a multiplexing CNN processor, the circuit
and architecture should be suitable for multiplexing. The optimal size of the processor is about
40x40 cells considering a typical image size to be processed, expected feature size, available die
size, number of available pins, and total processing time including data interface. These observa-
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Figure 1. Cell connections




tions give a outline of design constraints stated as ’40x40 cells on lcm? die’. Even though this
processor is not supposed to be used in portable equipment, the power consumption must be

minimized to implement a large array.

The proposed design is fully programmable providing the capability to adjust time constant
and template range. The circuit is designed using mixed—mode design technology for optimiza-
tion. The I/O interface is performed by a Switched—Capacitor circuit, the multiplier is a trans-
conductance multiplier and the integration is performed by OTA-C circuit.

Detailed circuit design issues are discussed in the following section. Layout issues are dis-

cussed in section 3.

II. CIRCUIT DESIGN

Each cell in the CNN array has 18 multipliers, one lossy integrator, one hard limiter and one
sample/hold to retain the u variable. Since CNN consists of alarge array of cells, the circuits need
to be of low power consumption and need to occupy a small area. Concurrently, they need to have
reasonable computational accuracy to minimize the accumulation of errors over a large array.
Even though this error may not affect the performance for certain applications, it needs to be
minimized to use the implemented hardware as a universal CNN array. Fig. 2 shows the block
diagram of one cell. The multipliers are divided into two groups; one for A template and the other
for B template. All multipliers in a same group share one input which is output of hard limiter
and Sample-Hold, respectively. The multiplier is a transconductance multiplier, so the summa-
tion is performed by one node in front of the integrator. A detailed circuit design method for each
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Figure 2. Cell Block Diagram
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Figure 3. Basic multiplier building block

building block that is discussed in the following subsections. The complete circuit diagram of
a cell, which was sent for test fabrication through MOSIS, is shown in Appendix B.

II-1. MULTIPLIER

Two cross coupled differential pairs in Fig 3 generate a differential current when all the

transistors are operating in the saturation region as follows

Imu = KVW(I) - 12) = K,VW(VI - V2)

The previous equation suggests two possible signal injection methods. One is voltage—volt-
age and the other is current—voltage. From the analysis, it turns out that the signals applied to
the gates need not necessary to be fully differential as long as the A—effect of the MOS-FET is
negligible. However (1, 1z) or ( V7, V2) have to be fully differential to keep the symmetry. Sev-
eral different output modes are possible with the multiplier described above. The output can be
either fully—differential or single—ended and be either voltage or current.

A multiplier with voltage inputs and fully—differential voltage output is shown in Fig. 4[3].
The differential amplifier at the input stage provides the common mode bias voltage for the mul-
tiplier. This differential amplifier allows a single ended input without causing significant sym-
metry degradation. The multiplier output current is injected to the folded cascode circuit. A com-
mon mode feedback circuit is provided to fix the common mode voltage. A differential current
output can be also obtained if additional N-FET cascode transistors (encircled by dotted line)
are provided to increase the output impedance.




Figure 4. Voltage multiplier

Fig. 5 shows the measured characteristic of the fabricated multiplier in Fig 5. The power
consumption is 200uW with a power supply voltage of +-3V. The area occupied is 0.06mm2.The
summation can be performed by cascading the multiplier as in Fig. 6. This summation scheme
makes the 16 inter—cell connection inevitable. This requires large area and the routing becomes

very complicated.

If the output of the multiplier is a single ended current signal then the summation can be
performed by connecting the outputs of the multipliers together. As a result, the required number

1.5V

-1.5v

-0.5V

Figure 5. Measured multiplier characteristic




Vxi Vort— Vou =K ( Va1*Vy1 + Vio*Vyz + ..0)
\V
Vy1 | cmy
AT
V2 ] Vo+
Y
Vy2 ] c1y
Vo

Figure 6. Sum—of —Product computation
using voltage multipliers

of inter—cell connections is reduced to 8 and the routing becomes very simple. A detailed routing
scheme will be discussed in following LAYOUT section.

Since the multiplier in Fig 3 is a current mode multiplier, the single—ended current mode
output can be obtained by providing a current mirror on top of the multiplier as in Fig 7.

The fully differential input current is provided by a hard limiter which is a differential am-
plifier(a detailed discussion is provided in following subsection). This multiplier can be consid-
ered amodification of the Gilbert Multiplier[4]. The main difference is the injection of the differ-

Figure 7. Transconductance multiplier



ential input current. The Gilbert multiplier implements a differential pair under the multiplier
of Fig 3. Hence, two transistors are attached under the multiplier. This multiple stacked transistor
scheme requires high power supply voltages. As several transistors are stacked, the voltage at
the input node of the multiplier in Fig 3 varies widely causing high A-effects. As a result, the
actual linear dynamic range in the Gilbert cell is very small even with high power supply volt-
ages. The proposed design uses a current mirror to avoid stacking the transistors so that the linear
dynamic range is improved. In the Gilbert multiplier Vy, and V4 cannot be single ended by fixing
one input to ground because the transistor would be not properly biased. Two separated bias
voltages have to be applied to the fixed input which means additional connections.

The V., signal can be a single ended voltage. Even though the single ended unbalanced input
causes non-symmetricity due to the A—effect of the MOS FET, its effect is negligible. Since the
weight signal has to be connected to all the cells in the array, a single ended voltage signal reduces
the number of connections. The voltage difference between the marked (*) node and the output
node causes serious degradations of symmetricity due to the A-effect of the MOSFET. Since
the output stage requires a high output impedance, the voltage at the output node varies widely
as the output current varies. This effect can be minimized by connecting the multiplier’s output
node to the negative terminal of an OTA with negative feedback. This will be discussed in the
following subsection. While the output node is fixed to a virtual ground, the marked node should
have the same operating voltage to minimize non-symmetric effects. This is achieved by proper-
ly selecting the size of the transistors of the current mirror.

Fig. 8 shows simulation results of the designed multiplier with the hard limiter. The tail
current of the differential pair is set to 9lLA and the power supply voltage to -3 Volts. The linear
dynamic range of Vy,and Vy is constrained by the tail current, and the W/L ratios of the transis-
tors in the differential pair and the multiplier. The linear dynamic range of Vy and Vy are de-
signed to be £ 0.5V with maximum differential output current of Z=6pA. This is a the trade off
between power consumption, area and dynamic range. Actually, the required dynamic range is
smaller due to the dynamic range limitation of the cell state. In the actual design, which was sent
for fabrication, the bias current is externally controlled so that the linear range can be program-
mable. The power consumption of this multiplier is 54uW. The output impedance is SMQ for
V. = 0.2 Volt and 4.5pA of differential current. The occupied area is 0.008mm? in 2yt Orbit
technology with the N-well process.
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Figure 8. Simulation results of transconductance multiplier

II-2. HARD LIMITER

Since the integrator has a single—ended voltage output while the multiplier requires fully
differential current inputs, a differential pair is used as a hard limiter to generate a differential
current. These currents are copied to all multipliers belonging to the A template by current mir-
rors asillustrated in Fig 9. The linear range is controlled by the tail current with the given transis-
tor sizes of differential pair. The linear range of the hard limiter is designed to be £0.5V with
9uA of tail current. Fig. 10 shows the programmability of the differential pair as a hard limiter.
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Figure 9. Hard limiter and connections to other building blocks
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Since the output of the OTA integrator is single ended, The other input of the differential pair
is connected to the inverting input of the OTA to eliminate the effect of the offset voltage of the
OTA. The linear range of the hard limiter needs to be programmable.

I1I-3. SAMPLE/HOLD

A differential pairis used to convert ;j signals thatare stored asa voltage in a holding capac-
itor into a fully differential currentsignal. A 1pF capacitor is provided at the input of the differen-
tial pair to hold the u;; signal. The clock feedthrough is quite serious in this configuration. The
clock feedthrough can be cancelled with a fully differential configuration. If an additional hold-
ing capacitor(dotted in Fig. 11) is provided at the other gate of the differential pair, and the input
signal is fully differential then most of the feedthrough effect can be cancelled out. If the input
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Figure 11. Sample/Hold




image is binary then the feedthrough effect does not degrade the image. Since the input scheme
for x;; also has signal degradation, the actual feedthrough effect is compensated a little bit. For
simplicity, only one holding capacitor was implemented with a single-ended configuration. The
differential amplifier is the same as the hard limiter.

II-4. RESISTOR

The R in equation (1) has to satisfy AG,j;i,)) > % to ensure convergence. It should satisfy

V..o > L. X R where I, is the total current injected into the integrator to prevent the saturation
of V.. If we map an analytical 1 of a template to Vy, = 0.1V in the actual circuit, then the transcon-
ductance of the multiplier at Vy, =0.1V represents AG,j; i,)) in the actual circuit. Since the trans-
conductance of the designed multiplier at Vy, = 0.1V is 6/5 LA/V, R has to be greater than
5/6MCL. This resistance occupies unreasonably large silicon area when implemented through a

typical defusion resistor.

The resistor can be implemented with a MOSFET (Fig. 12) operating in the ohmic region
butit’s linearity is very poor besides the dynamic range is small. The linearity and dynamic range
can be improved with a fully differential configuration but it is not acceptable because we need
to use a single ended circuit to minimize the number of inter—ell connections. Another possibil-
ity is to use an extra power supply that can be applied only to the gate of the transistors. However,
if Vg is high then the conductance of the transistor is increased. As a result, the length of the
transistor needs to be unusually long. Since the effect of extremely long transistor lengths is not
practical this has to be considered carefully.

The resistor can be implemented with an OTA as in Fig. 13. This active resistor implementa-
tion has better linearity than the MOSFET resistor, but it has two disadvantages. The first is
a small dynamic range and the second one is the offset. The linear range may be increased with
a linearized differential pair. This will be studied further. The effect of the offset in the cell can
be cancelled out by adjusting the bias current ( i ). Due to the limited dynamic range of this
OTA resistor, the power supply voltage needs to be increased to =3V even though all other cir-
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Figure 12. MOS FET resistor
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Figure 13. OTA resistor

cuits can operate with a =2 V power supply. The designed OTA resistor has 12 V of dynamic

range and consumes 600 uW.

This approach also increases the power consumption by a factor of 50% due to the increased
power supply voltage. The OTA consumes 11 times more power than the multiplier. This means
that we can implement the multiplier with a higher transconductance resulting in a lower re-
quired resistance. Since the amount of area increased for a higher transconductance is dependent
on the layout while the area of the diffusion resistor is dependent on the fabrication technology,
the selection of the resistor implementation method has to be examined more carefully to opti-

mize the design.

A resistor can be implemented with the transconductance multiplier shown in Fig 7. The
linear range is the same as that of the OTA resistor. The main advantage of this multiplier—resis-
tor is the programmability that allows some optimization in mapping analytical template values
into circuit signals. The transistor sizes are different from the multiplier in order to increase the
dynamic range. The designed multiplier—resistor consumes 324uW with +=3V power supply,
occupies 0.01mm? in 2j N-well technology, has a dynamic range of £1.3V and is program-
mable from 250K to infinity. In a P-well process, the required area is a little bit smaller and
the dynamic range can be increased to £1.8V with the same power consumption. The simulated
result is shown in Fig. 14.




.
96/08/18 L1itL12E

RN CRREE D I .

4 Ba3U R
-2.0 YOLTS CLIND

Figure 14. Simulation result of a programmable resistor

II-5. BIAS

The bias ( ] at Fig.1 and Eq. (1)) circuit can be implemented with a simple current mirror
as shown in Fig. 15. If an OTA resistor is used then the bias voltage for the cascode stage can
be shared with the OTA. Only one input stage of the current mirror is provided on chip and two
gate nodes are connected to all cells in the chip.

The above approach requires two connections for the mirror and two more additional bias
connections for the cascode. A single—ended voltage—controlled current source is implemented
with a telescope OTA as in Fig 16.
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Figure 15. Bias current copier distribution
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Figure 16. Bias circuit

[I-6. INTEGRATOR and OTA

We considered two possible implementations of current lossy integrators. The first method
consists of a parallel connection of a resistor and a capacitor as shown in Fig. 17(a). The second
method consists of an integrator with an OTA as in Fig 17(c). Since the outputs of 18 multipliers
and the bias circuit are connected together to achieve the current summation, the equivalent out-
put resistance of the multipliers and the bias circuit are reduced by a factor of 20 (200KL2). The
sum of the current is not fully transferred into the integrator due to this loading effect. If the
output node of a multiplier is left floating then the symmetry is degraded because the voltage
of marked (*) node in Fig. 7, is practically fixed due to the diode connected transistor in the cur-
rent mirror. As a result, the ratio of the current that is transferred from the multipliers into the
integrator is dependent on the voltage at the summing node. One possible solution for this effect
is to separate the summing node from the integrating node with a current mirror as in Fig 17 (b).
Even though there is a small voltage variation at the input node, the operating point is highly
dependent on the process variation. This circuit has no control of output offset voltage and cur-
rent and therefore will degrade the accuracy seriously. This effect can be minimized using feed-
back as in Fig. 17(c). The feedback loop keeps the summing node to a fixed voltage.
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Figure 17. Lossy integrator
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(a) Various time constant (b) various input current

Figure 18. Simulation result of OTA integrator

If the resistor is implemented with an OTA-resistor or a Multiplier resistor then the output
node of the OTA is connected to the gate of resistor. This connection does not drain any current
from the OTA. As a consequence, the OTA drives the capacitor only. Since OTAs are easier to
design with high gain and high GB than conventional OP Amps for fixed area and power con-
sumption, the OTA is used instead of the OP Amp. Fig. 18(a) shows simulation results with
various time constants using an initial condition of -0.5V, and a 2[LA constant input current. Fig.
18(b) shows simulation results for various input currents with a fixed time constant.

The tail current of the OTA has to be greater than the maximum input current to sink or
source the required amount of current. The designed OTA consumes 720uW and occupies
0.017mm?. It has 40 db DC gain, 70Mhz GB and 70° phase margin.

II-7. VO AND CONTROLLING CIRCUITRY: CORE

The core is a collection of switches to read/write the data and to control the dynamics as
illustrated in Fig. 19. The switches are implemented using transmission gates. A transmission
gate has three main non idealities. The firstis the feedthrough, the second is the finite OFF resist-
ance and the third is the ON —resistance. The effect of ON-resistance is not significant in the
designed configuration.

The SELECT switch selects a cell to transfer the data. Since the SELECT switch forms a
bilinear configuration, the effect of the feedthrough is cancelled out. After one cell is selected
the state of the cell is read out during the clock phase ¢;. At the same time the initial state for

13




Figure 19. Core
the next processing image block is transferred into the buffer capacitor. The capacitor in the inte-

grator is discharged during the ¢, The charge in the buffer capacitor is transferred during 3.

During the data transfer stage the START switch is opened at ¢; to stop the dynamics.
START switch is provided to drain the incoming current to minimize the leakage current while
the START switch is off. The START switch has to be kept ON after the dynamics have started
until the data is read out. If this switch is turned off after all the cells have converged, the feed-
through degrades the data in the capacitor. This switch has to be turned off before the new initial
state is transferred. Since the amount of feedthrough is dependent on the signal voltage, it causes
serious nonlinear offset. This makes the switch control complicated because the START switch
in each cell has to be controlled separately which requires a flip—flop in each cell. This non-ideal-
ity may not serious when only the hard limited output is required. Since feedthrough is more
serious for high signal voltages, its effect after hard limiting becomes relatively small.

Another clocking scheme with the given switch configuration is possible in order to solve
this problem. Once the array has converged, the state of the cells are read out one by one while
keeping the START switches for all cells closed. Once all the data is read, the START switch
is turned off and then the cells are selected one by one again to set the new initial state. The SE-
LECT, ¢1 and ¢ signals are turned on at the same time, and then the initial condition is trans-
ferred at ¢3.

Even tough the cell is accessed twice in the latter scheme the total data transfer time for both
schemes is identical. The possible disadvantage of the latter scheme is that it requires a buffer

14




memory for the whole image if the input data is a stream of frames. The former scheme is suit-
able for pipelinning processes because the input and output sequences are synchronized.

Since the data transfer is performed by a Switched—Capacitor technique, the speed of inter-
face is limited by the finite GB and slew rate of the OP Amp in the integrator.

III. LAYOUT

One of the most critical issues in the CNN array design is silicon area. The area has to be
minimized. The following layout scheme is optimal for our architecture. Even though the de-
tailed layout is dependent on the circuit design, the proposed layout scheme may also be applied

to various circuit implementations.

The array of multipliers occupies almost 2/3 of the cell’s area. One cell has 18 multipliers,
thus 18 weight signals have to pass over all cells in the array. The circuit uses metal 1 with the
power lines running horizontally as in digital VLSI. Metal 2 can be used to pass the weight signal
vertically. Two multipliers whose outputs have to be connected to the same cell form a pair so
that they minimize the summing line as in Figure 20. The multiplier array can be build up by
putting 9 multiplier pairs together. Even though the connection from the hard limiter to the multi-
pliers is fully differential, it does not cause complex connections because all the multipliers are
close to each other and to the hard—limiter. Figure 21 shows a floor plan and corresponding rout-

ing plan for a cell. Fig.22 shows the layout of a multiplier
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Figure 20. weight and summing line
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IV. CONCLUSIONS AND FURTHER PLAN

The summary of characteristics of the designed building blocks that were sent for test fab-
rication are shown in Appendix A. The designed cell is fully programmable, consumes small
power (2.5mW/cell) and may have reasonable accuracy. Since this cell consumes small power
and occupies small area (0.25mm?), it is suitable for very large array implementations.

Two chips that have basic building blocks were sent for fabrication on March 8 which corre-
sponded the P-well process. One chip that has one cell excluding interconnection lines was sent
for fabrication on April 5 which was the N-well process. This cell includes some L/O circuitry
even though the final /O scheme is not completely decided.

Further research in power consumption reduction and accuracy improvement will be per-
formed. After testing the fabricated building blocks, a 4x4 array on a tiny chip will be sent for
fabrication. Intensive research will be performed on the scaling and on the non—ideality effects
of circuits will be performed. Once these chips are tested, a larger array (possibly 15 X 15 or larg-
er on 6.9 x6.9mm? die) will be sent for fabrication.
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of area. The IC has been sent for fabrication through MOSIS. Preliminary experimental results of
some basic building blocks are encouraging. :
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